Introduction
Neurite outgrowth is a crucial morphological event in neuronal differentiation 1 ; the neurite begins at the cell body and extends outward to form a functional synapse 2 .
It is now generally believed that elongated neurites are guided to their targets by sensing attractive and repulsive molecules through receptors expressed on their growth cones 3 . Binding of guidance molecules to receptors on the neurite growth cone leads to the activation of intracellular signaling cascades 4, 5 . This receptor-binding process gives rise to dynamic changes in the cytoskeleton 6 and subsequent directional neurite outgrowth and target recognition 7 . Ever since the discovery of neurite outgrowth-promoting activity in sympathetic and sensory ganglia 8 , nerve growth factor NGF has been studied as an example of the neurotrophin family 2, 9 . The rat pheochromocytoma-derived clonal cell line PC12 is the most widely examined of several models of NGF activity. It is well established that NGF can signal through two different receptors, a high affinity receptor, tropomyosin receptor kinase A TrkA , and a low affinity receptor, p75 neurotrophin receptor p75NTR 10 . p75NTR mediates neuronal cell survival, cell differentiation and apoptosis 11 .
The activity of TrkA is associated with neuronal differen-as 4,8-sphingadienine d18:2 , 4-hydroxy-8-sphingenine t18:1 and 9-methyl-4,8-sphingadienine d19:2 17, 18 Fig .  1C . It is generally accepted that in plants, glucosylceramides are quite abundant but free ceramides are rare 19 . This might be because it is difficult to isolate and obtain planttype ceramides. Food sphingolipids such as glucosylceramide GlcCer contained in cereals have been reported to be able to benefit health by preventing metabolic syndrome and related diseases. Our current understanding is that food GlcCer is degraded to ceramide and further metabolized to sphingoid bases in the intestine. GlcCer isolated from food plants has recently been studied 20, 21 and is used for health foods and cosmetics. The food plant sphingoid bases have also been studied, and d18:2 and t18:1 sphingoids have been demonstrated to bind peroxisome proliferator-activated receptor PPAR γ, thereby up-regulating de novo ceramide synthesis of very long-chain fatty acids in differentiated keratinocytes 17, 22 . On the other hand, food plant ceramides that are intermediate forms between GlcCer and the sphingoid base have not been studied at all. Konjac Amorphophallus konjac K. Koch is a food plant that is rich in GlcCer. The efficacy of konjac GlcCer kGlcCer in trans-epidermal water loss in mice and humans has been studied by Uchiyama et al. 23 . However, it remains to be elucidated whether kGlCer and its metabo- Fig. 1 Chemical structure of ceramide species and EGCase I-catalyzed deglucosylation for kCer preparation. A: Plant-type ceramides are prepared from plant-type GlcCers using EGCase I. A major molecular species d18:2 4E,8Z -C18h:0 of kCer is shown. B: C24Cer and C18Cer are typical animal-type ceramides. C24Cer is one of the major species in human epidermis. C18Cer mediates apoptosis or autophagy and is endogenously generated in mitochondria of animal cells. C: molecular species of kCer as previously reported by us 24 .
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lites have a direct effect on itch-causing neurite outgrowth. Recently, we successfully prepared a homogenous extract of a plant-type ceramide using endoglycoceramidase I EGCase I , which was found in trace amounts in konjac extracts 24, 25 Fig . 1A . The resulting konjac ceramide kCer produced a weak apoptotic effect on PC12 cells compared to C2Cer. Unexpectedly, kCer possesses a neurite-outgrowth inhibitory effect that is absent in kGlcCer, C16Cer or C18Cer. In our previous study, the neurite-outgrowth inhibitory activity of kCer was very similar to that of semaphorin3A Sema3A , and kCer also induces CRMP2 phosphorylation 24 .
Sema3A is a class 3 secreted member of the semaphorin family, which all contain a sema homology domain 26 . It was originally characterized as a neurite outgrowth-repelling molecule that participates in regulating the process by which axonal growth cones are directed and extended to their proper targets 27 . There are multiple reasons for the limited nerve regeneration ability observed in the adult central nervous system CNS in higher vertebrates. One of the regenerative responses 28 , and functional recovery of the injured spinal cord was reported with the use of a selective Sema3A inhibitor 29 .
In the peripheral nervous system and epidermis, Sema3A regulates itch sensations from undesired nerve fiber extensions of sensory neurons by reversing NGF activity 30, 31 . In the first step of cell signaling, at the cell surface, Sema3A forms a hetero-pentameric complex with a dimer of its receptor neuropilin1 Nrp1 , consequently recruiting a dimer of plexin A1 PlexA , thus constituting a hetero-pentameric complex that possesses signal-transducing activity 32, 33 .
This receptor complex activates GSK3β and Cdk5, causing 
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Neurite outgrowth Cell survival Fig. 2 Schematic representation of biochemical signaling activated by NGF and Sema3A. Sema3A binds to Nrp1 and recruits PlexA, resulting in the formation of a hetero-pentameric complex of Sema3A, Nrp1 dimer, and PlexA. K252a and αNrp1 inhibit the TrkA and Sema3A signaling pathways, respectively. αNrp1 prevents Sema3A from forming an active hetero-pentamer 38 .
CRMP2 phosphorylation downstream of Sema3A signaling as shown in Fig. 2 34 . pCRMP2 no longer binds to tubulin of microtubles, leading to destabilization and depolymerization of microtubules and thus to collapse of the growth cone 35 .
In this report, we hypothesize that kCer directly interacts with Nrp1, resulting in Sema3A pathway activation.
Experimental 2.1 General
The following materials were commercially obtained: 2.5S mouse NGF N100NF4325 and K252a SF2370 were purchased from Alomone Labs; semaphorin 3A Sema3A, 193-17051 from Wako Co.; anti-Nrp1 polyclonal antibody pAb αNrp1, SAB1411572, RRID:AB_ 09083 , anti-CRMP2 pAb C2993, RRID:AB_1078573 , and anti-phosp h o -C R M P 2 p A b p t h r 5 0 9 , S A B 4 5 0 4 6 9 8 , R R I D : AB_118324 from Sigma-Aldrich; anti-GADPH 3E12 monoclonal antibody mAb LF-MA0100, RRID:AB_ 1874646 from Bioss; and FITC-anti-α tubulin mAb DM1A from Abcam ab64503 RRID:AB_1141012 .
kCer was prepared in our laboratory, based on a published procedure 24 . The purity of kCer showed more than 90 by TLC grade and no cell toxicity by preparation process. All experiments were performed by approval of Hokkaido University.
2.2 Cell culture, NGF-stimulation, and neurite outgrowth assay PC12 cells CVCL_J438 were grown under 5 CO 2 at 37 in Dulbecco s modified Eagle s medium DMEM supplemented with 1 penicillin/streptomycin, 10 horse serum HS , and 10 fetal bovine serum FBS in culture dishes. For neurite outgrowth activity, PC12 cells were stimulated with 100 ng/mL 2.5S NGF in serum-free medium in 0.01 poly-L-lysine-coated 12-well plates and incubated for up to 3 days. Subsequently, NGF-primed cells were analyzed using color-phase-based images from BXZ-700 microscopy KEYNCE, Osaka, Japan by the following method as previously described 24 . As shown in Fig. 3A , neurite outgrowth inhibition by kCer was also verified by the neurite length measurement. Color-image-processing was shown to be able to be an alternative method of neurite outgrowth activity by the finding that it is well-correlated with measurement of neurite length Fig. 3B . Prior to this neurite outgrowth experiment, NGF was dissolved in 0.025 bovine serum albumin BSA /DMEM containing kCer. To inhibit the NGF or Sema3A signaling pathways, K252a or αNrp1 was added to the culture together with kCer. To obtain clear observation results, we used the kCer at 50 μM that showed weak toxicity for the PC12 cells, but not for human keratinocytes. lengths in the cells treated with 100 ng/mL NGF • , 100 ng/mL NGF 50 μM kCer ▲ , and vehicle solution control, ○ . PC12 cells were stimulated with 100 ng/mL NGF in serum-free medium in the presence or absence of 50 μM kCer. The cells were further incubated for 3 days. The length of each neurite was measured using an imaging software ImageJ 1.50 g , and was distributed to each range of 10 to 150 μm, followed by conversion into cumulative ratios. y-axis values mean of neurites with length over the x-axis values. B: Average 50 neurite length by each of treatments was evaluated by the x-axis values of 50 y-axis in Fig. 3A . In the graph, x-and y-axes show 50 neurite lengths μm and neurite outgrowth activity obtained by color-image-processing method . The data are presented as the means and standard deviations of four individual experiments. Pearson s correlation coefficient r was used to evaluate simple linear relationship between variables.
Western blot analysis
After treatment with kCer or other chemicals, PC12 cells were harvested for Western blot analysis. Cells were briefly lysed with RIPA Buffer Wako Co. supplemented with cOmplete Roche and PhosSTOP phosphatase inhibitor cocktail Roche , and the protein concentrations of the supernatants were determined using the bicinchoninate protein assay kit Nacalai Tesque, Kyoto, Japan . Equal amounts of proteins 10 μg were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis SDS-PAGE, WAKO SuperSep TM Ace, 5-20 , transferred to polyvinylidene fluoride PVDF membranes Millipore Corp, MA, USA using Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell BioRad, Berkeley, CA , blocked with Blocking One Nacalai Tesque for 1 h, and incubated overnight at 4 with primary antibodies, anti-CRMP2 1:2,000 , antipCRMP2 1:1,000 , or anti-GADPH 1:3,000 , diluted in 10 Blocking One Solution with 0.05 Tween 20 and 50 mM Tris-buffered saline TBST . The next day, each membrane was washed with TBST three times, 10 min each, and incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies 1:2,000 to 1:4,000 for 1 h at room temperature. The membrane was then treated with chemiluminescent reagent Chemi-Lumi One Super, Nacalai Tesque, Inc., Japan . The antibody-bound protein bands were detected using the Syngene G:BOX Chemi XT4 fluorescence and chemiluminescence gel imaging system Syngene, Bangalore, India . The relative intensities of developed bands were quantitated using JustTLC software SWEDAY, Sodra, Sweden and normalized to the loading control GADPH .
RNA interference and transfection
Gene silencing was performed using siRNA. Nrp1-specific siRNA was purchased from Invitrogen RSS332427 with the sense strand sequence of 5 -GCACCUACAUCAU-CUUUGCACCAAA-3 . To evaluate the efficiency of knocking down Nrp1, scrambled siRNA medium GC Duplex, Invitrogen was used as a negative control. Transfection of siRNA was carried out using Lipofectamine TM 2000 Invitrogen, Grand Island, NY, USA according to the manufacturer s instructions. Briefly, siRNA and Lipofectamine TM 2000 reagent were mixed in Opti-MEM Invitrogen and incubated for 5 min at room temperature to allow complex formation. Cells were washed with Opti-MEM, and the transfection mixture was added. The cells were incubated for 6 h after transfection, washed, and cultured for 24 h in complete medium containing 10 FCS and 10 HS. The silencing efficacy was verified by using PCR and Western blotting Fig. 5A .
Microtubules depolymerization
To examine microtubule morphology in the PC12 cells treated with kCer or Sema3A, cells were treated with 10 goat serum/DPBS and fixed in 4 paraformaldehyde after treatment with NGF plus kCer or Sema3A in a 0.01 poly-L-lysine-coated 8-well chamber slide. The fixed cells were washed and incubated overnight at 4 with FITC-labeled anti-α-tubulin mAb DM1A . After washing once, the cells were mounted in Prolong Gold on the chamber slide, under a coverslip. The cellular microtubules depolymerization was examined using Nikon super-resolution microscopy N-SIM equipped with an oil-immersion objective Apo TIRF NA 1.49, Nikon, Tokyo, Japan .
Statistical analysis
The number n in each experimental condition is indicated in the figure legends. Data analysis was performed using the commercial program Prism 4.0 GraphPad, San Diego, CA . When two experimental conditions were compared, statistical analysis was performed using a paired t test. Otherwise, statistical analysis was performed using one-way ANOVA followed by Tukey s Multiple Comparison post-test and Dunnett s test. A p value less than 0.05 was considered significant. indicates significantly different results. Ranges of p values are indicated in the figure legends. NS indicates non-significant.
Results

Effect of kCer on signaling pathway of TrkA and
Sema3A To examine whether TrkA or Sema3A might be associated with kCer activity, PC12 cells were treated with kCer together with a signaling pathway-specific inhibitor of either the TrkA or Sema3A pathway, K252a 36 or αNrp1 37 , respectively, at 30 min before NGF treatment. As we reported previously, kCer treatment inhibited NGF-induced neurite extension, resulting a few remaining long neurites and the loss of short neurites upper and lower left images of Fig. 4A . This cell morphological change to spindle shape was found upon Sema3A treatment, as shown in Fig.  6 . The kCer-induced increase in long neurites and decrease in short neurites was also characterized by the finding that it gave the percentage of neurites more than 80 μm on the cumulative distribution curves Fig. 3B . K252a treatment did not change the kCer-induced neurite inhibition and morphological change upper and lower middle images of Fig. 4A . NGF-induced neurite outgrowth showed dose-dependent inhibition by K252a 1 to 10 nM K252a, Fig. 4C , closed columns . Additional kCer showed additive activity for neurite outgrowth inhibition by K252a Fig. 4C , open columns . On the other hand, treatment with the Sema3A inhibitor αNrp1 reversed the kCer-induced effects, showing short neurites and more stellate morphology upper and lower right images of Fig. 4A . The additive effect of kCer was attenuated by αNrp1, reversing the outcome to the same level as that produced by only K252a Fig. 4D . The reversed effect by αNrp1 treatment was stronger at 5 μg/ mL than at 1 μg/mL lower left and right images of Fig.  4B . αNrp1 competitively blocked neurite outgrowth inhibition by kCer Fig. 4E . In addition to neurite outgrowth inhibition, kCer-induced CRMP2 phosphorylation was attenuated and disappeared in the presence of αNrp1 the lane 5 of Fig. 5B . Thus, the point at which kCer affected the Sema3A signaling pathway was demonstrated to be downstream of that affected by αNrp1. In addition, Nrp1 gene-silenced PC12 cells no longer showed pCRMP2 production in response to kCer the lane7 of Fig. 5C . The reacting site of kCer was shown to be located in the membrane receptor that could be bound by extracellular Sema3A, revealing a heterodimeric receptor complex of Nrp1 and PlexA. The point at which kCer influences the signaling pathway is illustrated in Fig.  2 .
Effect of kCer on microtubule depolymerization
As shown in Fig. 2 , microtubule formation and elongation via tubulin polymerization are generated by CRMP2 production, resulting in neurite outgrowth. Cells treated with NGF and then with kCer showed microtubule depolymerization similar to that after Sema3A treatment Figs. 6B and C . In addition to depolymerization, kCer produced the same spindle-shaped morphology as Sema3A. siNRP1-primed cells showed stellate morphology with normal microtubule polymerization structure lower left image of Fig.  6D . Microtubule depolymerization was not induced by kCer treatment in siNRP1-primed cells lower middle image of Fig. 6E .
Discussion
In this study, we prepared konjac ceramide kCer using endoglycoceramidase I from konjac glucosylceramide 24 .
We showed that kCer acts on the Sema3A signaling pathway but not TrkA. Previously, we reported that kCer inhibited NGF from inducing neurite formation, accompanied by a Sema3A-like morphological change in the shape of PC12 cells in vitro 24 . This process is considered to target the signaling pathway based on the finding that CRMP2 is also phosphorylated. In the present study, signaling inhibitors, K252a 36 for TrkA, and αNrp1 37 for Sema3A, were used in order to examine the point of action of kCer on the signal transduction pathway Fig. 2 . As shown in Fig. 4 , kCer-induced neurite outgrowth inhibition was influenced by αNrp1 but not by K252a. In addition, K252a and kCer had no effect on CRMP2 production in response to NGF treatment data not shown . Because αNrp1 is a specific antibody that blocks formation of the Sema3A receptor complex, the point of action of kCer seems to be not an intracellular site but rather a cell surface receptor site. Indeed, αNrp1 inhibited points downstream of the cascade and also inhibited kCer-induced CRMP2 phosphorylation Fig. 5B . In addition, siNRP1-primed cells were shown to not respond to kCer Fig. 5C .
The increase in CRMP2 phosphorylation directly translates into a decrease in the amount of CRMP2/microtubules binding, concomitant with an increase in neurite outgrowth. Through the activity of kCer identified in the downstream of Sema3A signaling pathway Fig. 2 , we were able to demonstrate inhibition of CRMP2-facilitated microtubule polymerization without a change in CRMP2 production Fig. 6 . Consequently, NGF activity-induced neurite outgrowth might be prevented through kCer-driven activation of Sema3A signaling pathway. It may be suggested that kCer is a Sema3A-like agonist by the finding that αNrp1 and siNrp1 blocked CRMP2 phosphorylation and microtubule depolymerization. As previously reported 24 ,
kCer is a plant-type ceramide including sphingoid bases d18:2, t18:1 and hydroxyl fatty acids C16:0-OH, C18:0-OH . We do not know whether these results are due to some molecular species of kCer with a specific combination of sphingoid bases and hydroxyl fatty acids. It is possible that the binding of Nrp1 to kCer and not to animal-type ceramides is caused by some difference in the sphingoid bases or fatty acids. In summary, these findings suggest that the Cer portion of konjac GlcCer may affect nerve endings and nerve fibers in the epidermis through the suppression of undesirable neurite extensions by NGF. Thus, kCer may have a beneficial effect in the treatment of hyperalgesia or uncontrolled itching, in particular atopic eczema.
Conclusion
We demonstrated that chemoenzymatically prepared konjac ceramide shows Sema3A-like neurite outgrowth inhibitory effect through activation of Sema3A receptor and its pathway, but not TrkA receptor. We think that this finidng will provide a new strategy for treatment for NGFrelated itching in atopic dermatitis.
